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Changes in the phase composition in OPC and 
blended cement mortars due to carbonation 
M. Maslehuddin, * 1. Shirokoff* and M. A. B. Siddiqui * 
King Fahd University of Petroleum and Minerals 
The effect of carbonation on the phase compositIOn in salt-contaminated (0'8% Cl- and / ,5% S03) and 
uncontaminated OPC and blended cement mortar specimens exposed to elevated temperature is described. 
Changes in the phase composition were monitored using X-ray diffraction and differential thermal/ 
thermogravimetric analyses. Results indicated the transformation of cement hydration products to calcite in 
OPC, while calcite and aragonite were detected in the blended cements. The quantity of calcium carbonate in the 
contaminated cements was more than that in the uncontaminated specimens. The enhanced carbonation in the 
contaminated specimens may by attributed to: (i) an increase in the alkalinity of the pore solution; and (ii) 
changes in the morphology of the hardened cement, brought about by the chloride-sulfate contamination. 
Introduction 
Carbonation in concrete normally involves a che-
mical reaction between atmospheric carbon dioxide 
and the products of cement hydration. This reaction 
results in a significant reduction in the pH of the pore 
solution due to the removal of hydroxyl ions. Steinour 
has shown that virtually all of the cement hydrates 
react with carbon dioxide. 1 The main cement hydrates, 
i.e. calcium silicate hydrate (C-S-H), calcium hydro-
xide (Ca(OHh) and various aluminate phases react to 
produce calcium carbonate, silica gel and hydrated 
aluminium and iron oxides? Based on differential 
scanning calorimetry (OSC) and Fourier Transform 
Infrared Spectroscopy (FITR), Sakai et al. indicated 
that C-S-H is decomposed to calcite and silica gel or 
to C-S-H with a low Ca/Si ratio due to carbonation.3 
The importance of carbonation, which is a slow 
process under natural conditions has grown in recent 
years owing to increased atmospheric pollution and 
the ageing of structures. While serveral studies have 
been conducted to evaluate the effect of carbonation at 
normal temperatures, data are lacking on the effect of 
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temperature and chloride sulfate contamination on this 
process. Such a study is highly relevant to concrete 
structures serving in arid and semi-arid regions of the 
world, and marine structures in hot countries. 
In this study, the effect of chloride and sulfate 
contamination and elevated temperature on the phase 
composition in ordinary Portland cement (OPC) and 
blended cement mortar specimens was evaluated using 
X-ray diffraction (XRO) and differential thermal/ 
thermogravimetric (DTA/TG) techniques. 
Specimen preparation and techniques 
Specimen preparation 
Cement mortar specimens 50 mm dia. x 75 mm 
height were prepared with a sand to cementitious mat-
erials ratio of 2·0 and water to cementitious materials 
ratio of 0·50. In the blended cement mortar specimens, 
the pozzolanic materials were used partially to replace 
cement. In the fly ash cement mortar specimens, 20% 
fly ash was used as a replacement of cement. In the 
silica fume cement mortar specimens, 10% cement 
was replaced with silica fume, while the blast furnace 
slag (BFS) cement contained 70% BFS and 30% OPC. 
The chemical compositions of OPC and pozzolanic 
materials are shown in Table 1. 
The contaminated specimens contained 0·8% Cl-
and 1·5% S03, by weight of cement. The sulfate and 
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Table I. Chemical composition of cement and pozzolanic 
materials 
Constituent: wt % OPC Fly Blast Silica 
ash furnace fume 
slag 
Si02 20·52 52·3 27·7 92·5 
AI20 1 5·64 25·2 12·8 0·4 
Fe20] 3·80 4·6 1·2 0-4 
CaO 64·35 10·0 44·0 0·5 
MgO 2·11 2·2 8·8 0·9 
SO] 2·10 0·6 3·1 0·5 
Loss on ignition 0·70 0·4 0·9 2·6 
K20 0·36 0·1 0·1 0-4 
Na20 0·19 0·\ 0-4 \.\ 
Na20 equivalent 0-43 0·\ 0·5 \-4 
C]S 56·70 - -_. -
C2S 16·05 -- - -
CJA 8·52 - - -
C4 AF \\·56 - --- -
chloride ions were obtained using sodium chloride and 
sodium sulfate. The ingredients were mixed in a mor 
tar mixer until a uniform colour was obtained, after 
which they were poured into plastic moulds and 
lightly tapped to eliminate entrapped air. The plastic 
moulds were then sealed and the specimens left to 
cure at room temperature (20°C) for 28 days. After 
curing, the specimens were removed from the moulds 
and placed in an exposure chamber until testing. 
Exposure conditions 
The mortar specimens were exposed to a controlled 
environment at constant temperature (55°C), humidity 
(75%) and C02 content (3%) for 54 weeks. 
Techniques 
X-ray diffraction. The X-ray diffraction technique 
was used to monitor the effect of carbonation on the 
phase composition of cement. This technique is useful 
in evaluating the reduction in calcium hydroxide con-
tent and the increase in the various forms of calcium 
carbonate?.4-6 
X-ray diffraction (XRD) analysis was performed 
using a Philips PW 1700 automated diffractometer 
with a monochromator and sample spinner. Diffraction 
patterns were generated on a vertical goniometer 
attached to a broad-focus X-ray tube with a copper 
target operating at 45 kV and 30 mAo The analysis is 
computer assisted so that the interplanar spacing 
values can be corrected for the instrument error 
function with reference to a silicon standard. The 
specimens were powdered with an agate pestle and 
mortar and sieved through a # 100 (150 ,um) sieve to 
collect the cement. A homogenous sample of this 
powder was packed into a sample holder and scanned 
from 4-40°C 2() at a speed of 0·01 2()/s. The phase 
indentification process involves matching peak inten-
sity and peak position against a database of standard 
phases. 
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X-ray diffraction patterns for the neutralized and 
un-neutralized portions (those exhibiting no colour 
change, and pink, respectively, after spraying with 
phenolphthalein) were obtained to identify the com-
pound composition. 
Differential thermal analysis. Thermal analysis was 
conducted using a Netzch simultaneous thermal ana-
lyser (STA-429), which performs thermogravimetry and 
differential thermal analysis simultaneously. About 
100 mg of powdered specimen was tested with alumina 
as a reference material. The temperature was then 
raised at a uniform rate of 10°C/min, from room 
temperature to 1000°C. In the thermograms, weight 
loss and differential temperature are plotted simulta-
neously. 
Results 
Figures 1 and 2 show the X-ray diffractograms of 
the un-neutralized and neutralized portions of uncon-
taminated OPC mortar, respectively. The main com-
pounds were, quartz (Si02), portlandite (Ca(OHh), 
and calcite. The peak for portlandite in the neutralized 
portion was less intense than that in the un-neutralized 
portion. Similarly, the peak for calcite in the 
neutralized portion became slightly more significant 
than in the un-neutralized portion. X-ray diffracto-
grams for the un-neutralized and neutralized OPC 
mortar contaminated with sodium chloride and sodium 
sulfate are shown in Figs 3 and 4, respectively. The 
un-neutralized portion contained quartz, calcite and 
portlandite, while peaks for quartz and calcite were 
evident in the neutralized portion. X-ray diffracto-
grams for the neutralized and un-neutralized fly ash 
cement mortar contaminated with sodium chloride and 
sodium sulfate are shown in Figs 5 and 6, respectively. 
In the un-neutralized portion, X-ray peaks for quartz 
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Fig. I. X-ray diffractogram for un-neutralized OPC mortar 
(no contamination) 
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Fig. 2. X-ray di(fractogram for neutralized OPC mortar (no 
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Fig 3. X-ray diffractogram for un-neutralized OPC mortar 
(contaminated with sodium chloride plus sodium sulfate) 
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(contaminated with sodium chloride plus sodium sulfate) 
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mortar (contaminated with sodium chloride plus sodium 
slilfate) 
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and calcite were detected, while in the neutralized 
portion, peaks for quartz, calcite and aragonite were 
noted. X-ray diffractograms for the un-neutralized con-
taminated silica fume cement mortar (Fig. 7), indicate 
the presence of quartz and calcite only. The absence 
of portlandite may be attributed to the pozzolanic 
reaction between silica fume and calcium hydroxide. 
The X-ray diffractogram for the neutralized portion, 
Fig. 8, indicate the presence of quartz and calcite. The 
intensity of the calcite peak was slightly higher than 
that in the un-neutralized portion. X-ray diffractograms 
for the un-neutralized and neutralized contaminated 
blast furnace slag cement are shown in Figs 9 and 10, 
respectively. The peaks for the un-neutralized portion 
(Fig. 9) indicate the presence of quartz and calcite, 
and a very small quantity of portlandite, while the X-
ray diffractogram for the neutralized portion (Fig. 10) 
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indicates the presence of quartz, calcite and aragonite. 
It is interesting to note that the X-ray peaks for 
calcium chloroaluminate hydrate (Friedel's salt) were 
not detected in the contaminated specimens. This may 
be attributed to the reduction in the chloride-binding 
capacity of the cement hydration products, particularly 
C3A, due to the conjoint presence of chloride and 
sulfate salts.7 
The DTA and TG curves for the un-neutralized and 
neutralized portions of the uncontaminated OPC mor-
tar, typical of more than twelve such graphs developed 
in this investigation, are plotted in Figs II and 12, 
respectively. The DTA curve indicates the formation 
of endothermic peaks at 450°C and 850°C for 
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Fig. 12. DTA and TG curves for neutralized OPC mortar 
(no contamination) 
Ca(OHh and CaC03, respectively. The Ca(OH)2 and 
CaC03, content in the uncontaminated and contami-
nated plain and blended cement mortar specimens, 
calculated from the TG curves, is summarized in 
Table 2. As expected, the amount of Ca(OH)2 in the 
neutralized portions was less than that in the un-
neutralized zones. Similarly, the amount of CaC03 in 
the neutralized portion was more than that in the un-
neutralized zone. Further, the CaC03 content in the 
neutralized portions of the contaminated specimens 
was more than that in similar parts of the uncontam-
inated specimens. 
Discussion 
The X-ray diffractograms for plain and blended 
cements (Figs 1-10) indicate the formation of calcium 
carbonate in both neutralized and un-neutralized 
zones. The presence of CaC03 in the un-neutralized 
portions implies that CO2 has reacted with the cement 
hydration products in both zones. However, it did not 
progress to the extent of reducing the pH below the 
detectable limit of the phenolphthalein indicator 
(pH < 10). Such a discrepancy in cabonation depth 
measurements by phenolphthalein test and thermo-
gravimetry (TG) have been reported by Rahman and 
Glasser.s According to them, the depth of carbonation 
measured by the TG method was somewhat greater 
than that obtained by the phenolphthalein test. 
In the neutralized blended cement mortar specimens 
calcite and aragonite forms of CaC03 were present, 
while in the OPC only calcite was detected. This 
indicates that in the absence of portlandite, other 
cement hydration products may be reacting with CO2 
to produce CaC03, the main constituent being C-S-H. 
This supports the conclusions reached by others9.1o 
and by Steinour, I who was shown that carbonation in 
the systems CaO-Si02-H20, CaO-AhOrH20 and 
CaO-AhOrCaS04-H20 proceeds to completion, even 
in air, until silica and alumina are converted to 
hydrous oxides. 
The data on Ca(OH)2 and CaC03 (Table 2), de-
termined by DTA and TG, indicated greater carbo-
nation in the contaminated cement mortar specimens 
than in the uncontaminated specimens. The evidence 
of accelerated carbonation in the contaminated speci-
mens can be appreciated from the fact that the CaC03 
formed in the neutralized portion of the uncontami-
nated OPC mortar specimen was 10·64% compared 
to 16·76% measured in the contaminated specimen 
(Table 2). Similarly, in the fly ash cement mortar 
specImens these values were 5·2 and 10-44%, 
respectively. 
The enhanced decomposition of cement hydration 
products in contaminated specimens may be attributed 
to an increase in the alkalinity of the pore solution 
due to the addition of NaCI and Na2S04.7 Kobayashi 
and Uno, II investigating the effect of cement alkali-
nity on carbonation, reported that the rate of carbon-
ation increases with the alkali content of cement. In a 
later work, they investigated the effect of cement 
alkalinity on carbonation in concrete specimens. 12 The 
results of that study also indicated that the depth of 
carbonation was dependent on the water-cement ratio 
and the alkalinity of the cement. For mixes of similar 
water-cement ratio, the depth of carbonation was ob 
served to be higher in cement made with higher Na20 
equivalent. 
The accelerated carbonation in the contaminated 
specimens may also be attributed to the morphological 
changes brought about by their inclusion. Benstedl3 
Table 2. Calcium hydroxide and calcium carbonate content in contaminated and uncontaminated OPC and blended cement 
mortar specimens 
Ca (OHh: CaC03 : 
Cement Contamination 
% hydrated material % hydrated material 
Un-neutralized Neutral ized Un-neutralized Neutralized 
OPC None 5-48 1·83 4·68 10·64 
Fly ash None 3·]3 3·71 2·30 5·20 
OPC CI + S04 6·10 1·70 1·70 16·70 
Fly ash CI + S04 1·98 4-48 4-48 10-44 
Silica Fume CI + S04 - 7·10 - 13·60 
BFS Cl + S04 - 5·30 - 13·20 
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indicated that enhanced carbonation in cements with 
higher alkalinity can be related to the coarser pore 
structure formed in the presence of alkalis. He ob-
served that alkalis accelerate the hydration of Portland 
cement. This results in greater quantities of hydrates, 
such as C-S-H and ettringite, being formed at earlier 
stages of the hydration process than under non-
accelerated conditions. The accelerated hydration 
results in relatively greater heterogeneities in the mi-
crostructure developed during hydration. Mori et al.,14 
as quoted by Jawed and Skalny,15 indicated that the 
specific surface area of the hydrated C3 S decreased at 
all ages in the presence of alkalis, and the morphology 
and microstructure also changed. The microstructure 
of C-S-H became coarser; particles grew from the 
grain surface into the NaOH solution. In the presence 
of Na2S04, fine acicular C-S-H particles (probably 
containing S04 - ions) densely covered the C3 S grain 
surface, but did not grow extensively outward from the 
surface. The coarsening of the pore structure due to 
inclusion of sodium chloride and sodium sulfate has 
also been observed through mercury intrusion porosi-
metry by the authors. 16 The total pore volume in the 
contaminated specimens was more than that in the 
uncontaminated specimens (Fig. 13). 
Another consequence of chloride-sulfate contamina-
tion is moisture retention leading to the formation of 
CaC03. The moisture retained within the pores may 
enhance the carbonation process. Glass et al.,17 
indicate that low levels of chloride contamination 
increase the ionic conductivity, whereas higher levels 
favour moisture rentention. 
Conclusions 
The X-ray diffractograms for the neutralized and 
un-neutralized portions of OPC and blended cement 
mortar specimens indicated the presence of quartz 
(SiOz), portlandite (Ca(OHh), and CaC03. The 
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quantity of CaC03, present either in the form of 
calcite or aragonite, was more in the neutralized 
specimens than in the un-neutralized portions. 
The DTA and TG curves also indicated greater 
carbonation in the contaminated specimens. This trend 
was observed both in OPC and blended cements. In 
OPC, the Ca(OHh peaks tended to diminish with 
carbonation. In the blended cements, the depth of 
Ca(OHh peaks was very insignificant, indicating the 
consumption of this cement hydration product due to 
pozzolanic reaction. An increase in the CaC03 peak in 
blended cements indicates that other cement hydration 
products may be reacting with CO2. 
Enhanced carbonation in the contaminated speci-
mens may be attributed to changes brought about in 
the structure of the hardened cement paste due to the 
inclusion of NaCI and Na2S04. Inclusion of these salts 
accelerates cement hydration, which results in rel-
atively greater heterogeneities in the microstructure, 
which aid the ingress of CO2. 
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